Rapid-eye-movement (REM) sleep plays a key role in the consolidation of memories acquired during waking (WK). The search for mechanisms underlying that role has revealed significant correlations in the patterns of neuronal firing, regional blood flow, and expression of the activity-dependent gene zif-268 between WK and subsequent REM sleep. Zif-268 integrates a major calcium signal transduction pathway and is implicated by several lines of evidence in activity-dependent synaptic plasticity. Here we report that the induction of hippocampal long-term potentiation (LTP) during WK in rats leads to an upregulation of zif-268 gene expression in extrahippocampal regions during subsequent REM sleep episodes. This upregulation occurs predominantly in the amygdala, entorhinal, and auditory cerebral cortices during the first REM sleep episodes after LTP induction and reaches somatosensory and motor cerebral cortices as REM sleep recurs. We also show that hippocampal inactivation during REM sleep blocks extrahippocampal zif-268 upregulation, indicating that cortical and amygdalar zif-268 expression during REM sleep is under hippocampal control. Thus, expression of an activity-dependent gene involved in synaptic plasticity propagates gradually from the hippocampus to extrahippocampal regions as REM sleep recurs. These findings suggest that a progressive disengagement of the hippocampus and engagement of the cerebral cortex and amygdala occurs during REM sleep. They are also consistent with the view that REM sleep constitutes a privileged window for hippocampus-driven cortical activation, which may play an instructive role in the communication of memory traces from the hippocampus to the cerebral cortex.
Mammalian sleep consists of the cyclic alternation of two behaviorally and physiologically distinct states: slow-wave sleep (SWS) and rapid-eye-movement (REM) sleep (Timo-Iaria et al., 1970; Hobson, 1995) . Several lines of research indicate that sleep is important for learning (Idzikowski, 1984; Stickgold et al., 2000a Stickgold et al., , 2001 Maquet, 2001 ; but see Siegel, 2001 ). Moderate sleep deprivation impairs plasticity in the visual cortex (Frank et al., 2001) as well as the induction of hippocampal long-term potentiation (LTP) (Campbell et al., 2002 ), a standard model of synaptic plasticity and memory formation (Bliss and Lomo, 1973; Bliss and Collingridge, 1993) . REM sleep, in particular, plays an important role in the consolidation of memories (Winson, 1985; Hennevin et al., 1995; Smith, 1996; Stickgold et al., 2000b) . It has been shown that exposure to learning situations during waking (WK) enhances subsequent REM sleep in rats (Smith and Rose, 1996) . Conversely, REM sleep deprivation impairs short-term memory in rats (Pearlman and Becker, 1974; Fishbein and Gutwein, 1977; Smith and Butler, 1982; Smith and Kelly, 1988) and perceptual learning in humans (Karni et al., 1994) .
Relevant WK experience results in increased hippocampal neuronal firing in rats (Pavlides and Winson, 1989; Poe et al., 2000a; Louie and Wilson, 2001 ) and cerebral activation in humans (Maquet et al., 2000) during subsequent REM sleep, indicating that experience-dependent brain reactivation occurs during this sleep state. In line with this notion, we have shown that brain expression of the activity-dependent gene zif-268 (same as Egr-1, NGFI-A, Krox-24, and ZENK) (Milbrandt, 1987; Sukhatme et al., 1988) is reinduced during REM sleep in rats exposed previously to an enriched environment during WK but not in unexposed controls (Ribeiro et al., 1999) . Neuronal zif-268 expression is rapidly and transiently induced in response to synaptic activation via calcium signal transduction pathways (Cole et al., 1989; Wisden et al., 1990; Cullinan et al., 1995; Mello and Clayton, 1995) . Therefore, the finding that zif-268 is reactivated in several brain areas during REM sleep that follows a significant WK experience (Ribeiro et al., 1999) indicates that these areas are synaptically active during REM sleep.
Here we characterize the spatiotemporal dynamics of zif-268 expression during wake and sleep episodes that follow the induction of LTP in medial perforant path (mPP)-dentate gyrus (DG) synapses. We used a well established LTP-inducing, high-frequency stimulation (HFS) protocol (Winson and Dahl, 1986) shown previously to induce marked zif-268 upregulation in ipsilateral DG granule neurons ϳ30 min after stimulation (Cole et al., 1989; Wisden et al., 1990; Worley et al., 1993) . Brain zif-268 expression was assessed in groups of rats representing "early" and "late" post-LTP episodes of WK, SWS, and REM sleep. We also investigated the effect of hippocampal inactivation during post-LTP REM sleep on extrahippocampal expression of zif-268. The results demonstrate that zif-268 is reinduced in a hippocampusdependent manner in extrahippocampal regions during REM sleep that follows hippocampal LTP induction. Zif-268 reinduction during REM sleep may provide a window of increased extrahippocampal synaptic plasticity, possibly contributing to memory consolidation.
MATERIALS AND METHODS
Animal care. E xperiments were approved by the Rockefeller University Institutional Animal Use and C are Committee, in accordance with National Institutes of Health Guidelines for the Care and Use of Laborator y Animals. Adult male Sprague Dawley rats (weight, 250 -300 gm; n ϭ 4 per group; total, n ϭ 52) were housed in individual home cages, kept on a 12 hr light /dark schedule (lights on at 7:00 A.M.), and provided with food and water ad libitum. Animals were handled daily (10 -15 min) for 2 weeks before surgery, so as to effectively minimize handling and stress-related zif-268 expression (Cullinan et al., 1995; Jarvis et al., 1995; Ribeiro et al., 1999) .
Electrode implant. Recording and stimulating electrodes were prepared from 125 m formvar-insulated stainless-steel wire (C alifornia Fine Wire, Grover Beach, CA) with resistances of 0.5-1.2 M⍀. On the day of surgery, animals were injected with 0.1 mg / kg atropine sulfate (Baxter, Irvine, CA) to prevent excessive secretions and were deeply anesthetized 10 min later with 50 mg / kg sodium pentobarbital (Nembutal; Abbott Laboratories, North Chicago, IL). Animals were then placed in a rat stereotaxic device (David Kopf Instruments, T ujunga, CA). The skull was aseptically exposed, burr holes were drilled, and four stainless-steel anchor screws were inserted into the holes, two of which had plasticcoated silver wire presoldered to them (C alifornia Fine Wire), so as to provide ground and reference for stimulation and recording. Animals were implanted bilaterally with recording and stimulation electrodes in the DG [ϩ3.8 anteroposterior (AP), Ϯ2.1 mediolateral (ML), and Ϫ3.3 dorsoventral (DV) mm from bregma] and in the mPP (ϩ7.9 AP, Ϯ4.1 ML, and Ϫ3 DV from bregma), respectively (Paxinos and Watson, 1997) . Electrode placement was guided by the depth profile of evoked field potentials, and the final positions of the stimulating and recording electrodes were adjusted to produce maximum responses. The electrodes and skull screw ground /reference were then connected to an 11 pin plastic plug, and the entire implant was permanently secured in place with dental acrylic cement. Animals were allowed 1 week of postsurgery recovery.
Electrophysiolog ical recordings. Electrophysiological recordings were made using a field-effect transistor head-stage connected to the electrode plugs, and an AC / DC differential amplifier (model 3000; A-M Systems, Sequim, WA) was set at 100ϫ gain. Evoked field potentials were bandpass filtered between 1 Hz and 10 kHz, digitized at 10 kHz (M IO-16X acquisition board; National Instruments, Austin, TX), and averaged on-line using custom-built LabView software. EEG signals were bandpass filtered between 1 and 100 Hz and digitized at 400 Hz with a PowerLab recording unit (AD Instruments, Grand Junction, C O).
LTP induction. After recovery from surgery, baseline recordings of field potentials and EEG, along with handling of the animals, were performed for an additional week. Initially, an input-output f unction was constructed by varying the current intensity between that required to produce minimum and maximum responses (usually 20 -300 A). A "test" intensity was then chosen that was ϳ30% of maximum stimulation intensity. Test stimuli were delivered four times, once every 15 sec, to obtain each averaged field potential data point. Both the EPSP slope (from the initial positive rise) and the population spike amplitude of each averaged field potential were measured. Baseline recordings were taken for 1 week to ensure that the recordings were stable. On the day of the experiment, which always began within the first 2 hr of the light cycle, animals were taken to the recording chamber, and baseline potentials were acquired for both hemispheres. After baseline field potential recording, one hemisphere (randomized) was subjected to HFS to produce unilateral LTP, whereas the contralateral hemisphere received no stimulation. T wo HFSs per animal were applied within 5 min of each other and consisted of 10 50 msec trains of 0.25 msec pulses at 400 Hz, with one train every 10 sec (Winson and Dahl, 1986) . Induction of unilateral LTP was verified after the second HFS (see Fig. 1b) ; animals that failed to show LTP (n ϭ 5) were discarded from the study and later substituted with other animals to complete all groups. An additional group of animals received HFS in one hemisphere and, as a control, lowfrequency stimulation (L FS) (10 1 sec trains of 0.25 msec pulses at 10 Hz, one train every 10 sec, same total number of pulses as in HFS) in the other hemisphere, and was assigned to the early REM sleep condition. Three control groups not subjected to HFS stimulation were also studied.
Quantitative identification of wak e-sleep states. Animals were continuously observed from time of baseline recording to kill. Hippocampal EEG and evoked field potentials were also continuously recorded, and behaviors were annotated in real time on the EEG record (see Fig. 2a ) according to the following categories: alert W K (active exploration of the environment with whisking and hippocampal theta rhythm), quiet W K (stillness or grooming with eyes open and non-theta low-amplitude hippocampal EEG), drowsy W K (stillness with eyes semiclosed and non-theta variable hippocampal EEG), SWS (stillness with eyes closed, plus large-amplitude slow EEG hippocampal waves), pre-REM sleep (short periods of Ͻ10 sec of overall stillness with brief whisking, eyes closed, and hippocampal theta rhythm), and REM sleep (overall stillness with prolonged whisking, eyes closed, and hippocampal theta rhythm). Group assignment was confirmed after an offline comparison of the behavior record and the spectrogram (see Fig. 2b ), which was generated by applying a multitaper fast Fourier transform to the EEG record (Thomson, 1982) . The total time spent in W K (alert plus quiet plus drowsy), SWS, and REM (pre-REM plus REM) states was calculated for each animal and averaged by group. Very mild sleep deprivation was used during selected times to standardize the kill times across groups. Specifically, all animals were kept awake in the initial 2 hr after LTP induction, by gently tapping the recording box when animals showed drowsiness; in addition, animals in the late groups were similarly prevented from going back to sleep for 1 hr after the first sleep cycle was completed. The criteria for assigning animals to the different wake and sleep groups were established previously (Ribeiro et al., 1999) , as follows: W K animals were kept awake for Ն1 hr before kill without any sleep, SWS animals had Ն3 min of SWS but were woken up at the first signs of REM sleep, and REM animals were allowed to transit spontaneously from SWS into REM sleep and had Ն90 sec of total REM. Figure 2c depicts the mean sleep -wake structure of control and experimental groups.
Survival times and group assignment. On reaching behavioral and physiological criteria for W K , SWS, or REM sleep (see Fig. 2a,b) , all animals were kept awake to prevent subsequent uncontrolled wake and /or sleep states and, thus, to normalize postcriterion experience. Zif-268 mRNA levels peak ϳ30 min after a given reference stimulus or behavior (Cullinan et al., 1995; Mello and C layton, 1995; Ribeiro et al., 1999) . Therefore, animals were killed by decapitation 30 min after reaching criteria (see Fig. 1a , asterisk s), and any zif-268 expression caused by postcriteria W K was assumed to be the same across all groups. Figure  2d summarizes the mean survival times relative to the time of LTP induction. Animals were assigned to one of seven groups, based on post-LTP survival times and cumulative wake -sleep states reached (see Fig. 1a ). The first stimulated group (HFS/30Ј) consisted of animals kept awake for 30 min after unilateral HFS and then killed; this group served as a positive control for the unilateral DG induction of zif-268 under our stimulation protocol. The six remaining stimulated groups were studied according to the cumulative wake -sleep states reached: HFS/early W K , HFS/early SWS, HFS/early REM, HFS/ late W K , HFS/ late SWS, and HFS/ late REM. Animals in the late groups had one f ull sleep cycle followed by 1 hr of W K before being randomly sorted according to wake -sleep states.
Histolog y and in situ hybridization. The brains were quickly removed, frozen in dry ice, and stored at Ϫ70°C. Serial frontal sections (10 m) were taken between approximately Ϫ1.4 and Ϫ4.4 mm from bregma (Paxinos and Watson, 1997) and thaw mounted on RNase-free glass slides (Superfrost Plus; V W R Scientific, West Chester, PA) as adjacent triplicates. Thicker sections (20 m) collected every 300 m were stained with cresyl violet and used to identif y the brain regions of interest. Sections were hybridized with 35 S-labeled zif-268 riboprobes, as described previously (Mello et al., 1992) . Absence of sense-strand hybrid-ization was used as a control for signal specificity. Several hybridizations were performed to optimize stringency conditions and assess consistency of results across different batches. Hybridized sets were exposed to a high-resolution 35 S phosphor screen and scanned on a Storm phosphorimager system (Amersham Biosciences, Sunny vale, CA). Selected sets were later subjected to emulsion autoradiography for cell resolution imaging of zif-268 expression. The phosphorimager autoradiograms shown in this study (see Figs. 3, 5) were obtained from an optimized hybridization batch that showed consistent expression levels across brain section triplicates. The middle section of each triplicate was chosen for blind phosphorimager densitometric quantifications with ImageQuant 5.0 software (Amersham Biosciences). Seven regions were selected for quantification based on the rat stereotaxic atlas (Paxinos and Watson, 1997) : the DG, Ammon's horn (CA), entorhinal cortex (EC), dorsolateral nucleus of the amygdala (LaD), and the auditory (Au), primary somatosensory (S1), and primary motor (M1) cortices (see Fig. 3c ).
Hippocampal inactivation. Hippocampal inf usion of the anesthetic tetracaine was used to investigate the effects of hippocampal inactivation (Poe et al., 2000b) on extrahippocampal zif-268 expression. Different groups of animals were implanted with chronic bilateral stimulating electrodes in the mPP and recording electrodes in the DG, as described above. In addition, bilateral guide cannulas (26 gauge; Plastics One, Roanoke, VA) attached to the recording electrodes were implanted 1.5 mm above the DG (ϩ3.8 AP, Ϯ2.1 ML, and Ϫ1.8 DV mm from bregma). On the day of the experiment, tetracaine (Sigma, St. L ouis, MO) was dissolved in PBS to make a 2% solution. T wo microliter precision syringes (Hamilton, Reno, N V) filled with tetracaine solution and vehicle (PBS) were connected with polyethylene tubing to the inf usion cannulas (33 gauge; Plastics One). Immediately before baseline recordings, the inf usion cannulas were inserted into the guides with tips placed 0.5 mm above the recording electrodes in the DG. After baseline recordings of EEG and evoked potentials, experimental animals (n ϭ 4) received bilateral HFS and were kept awake for 2 hr before being allowed to sleep (see Fig. 5a ). Ten seconds after the onset of REM sleep and without waking the animals, tetracaine (2 l) was slowly inf used over 2-3 min into the left DG, while the same volume of vehicle was injected into the right DG. Tetracaine strongly reduces the EEG power recorded in the inf usion site (see Fig. 5b ); animals that failed to show such reduction (n ϭ 2) were discarded from the study and later substituted with other animals to complete the groups. Animals were killed 30 min after REM sleep offset, and their brains were processed for zif-268 expression. To control for nonspecific diff usion effects, animals (n ϭ 4) not subjected to HFS were injected during W K with tetracaine and saline (left and right hemispheres, respectively) and killed after 30 min (see Fig. 5a ).
RESULTS
All of the animal groups included in this study (with the exception of those subjected to LFS or hippocampus inactivation) are represented in Figure 1a , comprising three unstimulated control groups (Fig. 1a , three top bars) and seven experimental groups, the latter consisting of rats that experienced unilateral LTP induction during WK (Fig. 1a, seven bottom bars) . HFS produced significant LTP that was long lasting and unilateral to the ipsilateral (stimulated) hemisphere; at 60 min after HFS (30 min for the HFS/30Ј group), the average EPSP slope change over baseline levels across all groups was 21.9 Ϯ 2.8% for ipsilateral and Ϫ12.5 Ϯ 5.3% (mean Ϯ SEM) for contralateral (unstimulated) hemispheres. Correspondingly, the average population spike amplitude changes were 276.4 Ϯ 27.4% for ipsilateral and 60.1 Ϯ 15.6% for contralateral hemispheres. Post-HFS slope and spike amplitudes in ipsilateral hemispheres were significantly higher than both baseline and contralateral values (Student's t test; p Ͻ 0.01). No significant differences occurred in the amount of potentiation among groups (one-way ANOVA of slope values; F (6,21) ϭ 1.17; p ϭ 0.36). Animals subjected to HFS did not display noticeable behavioral differences from unstimulated animals, having similar wake-sleep structures (Fig. 2c) . Likewise, the mean survival times relative to the moment of LTP induction (Fig. 2d) did not differ across WK/SWS/REM groups (one-way ANOVA) (for early groups, F (2,9) ϭ 0.38, p ϭ 0.69; for late groups, F (2,9) ϭ 0.89, p ϭ 0.44).
Unstimulated animals showed relatively high zif-268 expression in all brain areas studied during WK but decreased zif-268 expression when entering SWS sleep, and for some brain areas an additional decrease on entering REM sleep (see unstimulated controls in Fig. 3b ; for quantification, see unstimulated control panels in Fig. 4a ). These observations are consistent with previous findings that zif-268 expression is relatively high during WK but decreases during sleep (Pompeiano et al., 1994; Ribeiro et al., 1999) . Also consistent with previous findings (Cole et al., 1989; Wisden et al., 1990; Worley et al., 1993) , the induction of unilateral LTP of mPP-DG synapses led to strong zif-268 upregulation in ipsilateral DG granule neurons 30 min later ( Fig. 3a; see Fig. 3c for anatomy). Average zif-268 expression in the stimulated (ipsilateral) DG was 4.8 Ϯ 0.4 (mean Ϯ SEM) times higher than the average in the unstimulated (contralateral) DG.
Three hours after HFS application, zif-268 expression returned to low basal levels in the hippocampus (compare the hippocampus between Fig. 3a with the HFS/early WK group in Fig. 3b ) but increased bilaterally in extrahippocampal regions in all stimulated animals compared with corresponding unstimulated controls (compare cortical sites between the HFS/early WK and unstimulated controls/WK groups in Fig. 3b ; for quantification, see Fig.  4a ). When the animals that received HFS entered the first post-LTP sleep phase, their unstimulated (contralateral) hemispheres showed a sleep-related decrease in zif-268 expression similar to the decrease found in unstimulated controls (compare unstimu- lated hemispheres in HFS/early groups across WK/SWS/REM sleep in Fig. 3b ; for quantification, see the HFS/early unstimulated (contralateral) panel in Fig. 4a) .
In contrast, zif-268 expression in the stimulated (ipsilateral) hemispheres of these same animals was reduced during SWS but markedly increased during REM sleep, approaching in various brain areas the same expression levels seen during WK [compare HFS hemispheres in HFS/early groups across WK/SWS/REM sleep in Fig. 3b ; for quantification, see the HFS/early HFS (ipsilateral) panel in Fig. 4a ]. Notice in Figure 4a that for many brain regions, REM bars (black) have heights comparable with the WK bars (white) and higher than SWS bars ( gray). Highly significant interactions were detected within left/HFS hemispheres (twoway ANOVA; F (48,189) ϭ 2.48; p Ͻ 0.000001). Although comparisons between SWS and REM groups for single brain structures did not yield significant differences when corrected for the number of comparisons, grouping the structures in three putative anatomical divisions (hippocampus, DG plus CA; proximal extrahippocampal, EC plus Au plus LaD; distal extrahippocampal, S1 plus M1) revealed significantly higher zif-268 levels in REM sleep than in SWS (Bonferroni post hoc tests, *p Ͻ 0.05) in proximal extrahippocampal regions (Fig. 4a) . This unilateral increase in zif-268 expression during REM sleep in HFS animals can be clearly seen when expressed as an interhemispheric (HFS/ unstimulated) ratio, as in Figure 4b . Although no appreciable interhemispheric differences in zif-268 expression were seen in unstimulated controls (left/right ratios of ϳ1), HFS/early animals showed significantly higher interhemispheric zif-268 expression ratios (HFS/unstimulated ratios significantly Ͼ 1) during REM sleep in the EC and Au. This extrahippocampal upregulation of zif-268 during REM sleep was restricted to a coronal band of ϳ500 m around the hippocampal site of LTP induction (DG) and was robust in all layers of the cortex, except for layer IV, which showed low levels of gene expression (Fig. 3d) .
These data indicate that zif-268 expression is reinduced in the brain during the first REM sleep episode that follows HFS of the hippocampus during WK. Because the interval between the application of HFS and kill did not differ across WK/SWS/REM sleep groups (Fig. 2d) , the observed effect cannot be explained by differences in the survival intervals after stimulation. Additional controls (n ϭ 4; data not shown) that received HFS in one hemisphere and LFS in the other hemisphere showed no significant difference in gene expression profile from that of HFS/ unstimulated animals (two-way ANOVA; F (6,42) ϭ 1.8; p ϭ 0.12), indicating that specific patterns of WK electrical stimulation, such as HFS, are required for the reinduction of zif-268 during ensuing REM sleep. Notably, HFS of the mPP induces both zif-268 primary induction and LTP in the DG, whereas LFS fails to produce either effect (Cole et al., 1989) .
Essentially the same effects as described above for early groups were observed in the late groups: animals showed a generalized sleep-related decrease in brain zif-268 expression in unstimulated (contralateral) hemispheres but a selective second upregulation of zif-268 expression in extrahippocampal sites of stimulated Both hemispheres of unstimulated controls showed decreased zif-268 expression levels during SWS and REM sleep compared with WK. The same general pattern was observed in the unstimulated (contralateral) hemispheres of HFS animals. In contrast, several brain structures in the HFS (ipsilateral) hemispheres of both HFS/early and HFS/late groups showed high zif-268 expression during WK and REM sleep and low zif-268 expression during SWS. Zif-268 reinduction occurred in proximal extrahippocampal regions (EC, Au, and LaD) during Early REM sleep and reached distal extrahippocampal areas (S1 and M1) during Late REM sleep (Bonferroni post hoc tests; *p Ͻ 0.05). OD, Optical density. b, Interhemispheric zif-268 expression ratios. Histograms are according to the key in a. Whereas unstimulated controls did not show differences between left and right hemispheres (two-way ANOVA; F (12,63) ϭ 0.33; p ϭ 0.98), significant interactions were detected in HFS groups (two-way ANOVA; F (30, 126) ϭ 3.72; p Ͻ 0.0001), because of higher zif-268 interhemispheric ratios (HFS/unstimulated) in the EC, LaD, Au, S1, and M1 during REM sleep than during preceding SWS (Bonferroni post hoc tests; *p Ͻ 0.05; **p Ͻ 0.01). Notice that the interhemispheric zif-268 expression ratio was also significantly higher for LaD in the HFS/late WK group than in the HFS/late SWS group.
hemispheres during a second post-LTP REM sleep episode (see HFS/late groups in Figs. 3b, 4a ). Whereas reactivation of zif-268 expression during early REM sleep was most robust in proximal extrahippocampal regions (EC, LaD, and Au), during late REM sleep the effect also included distal extrahippocampal areas (S1 and M1) (Fig. 4a) . This is particularly clear when interhemispheric zif-268 expression ratios are calculated (Fig. 4b , HFS/late panel ).
The fact that most of the REM-associated reinduction of zif-268 expression occurs in extrahippocampal sites raised the question of whether extrahippocampal zif-268 reinduction during REM sleep is dependent on concurrent hippocampal activity. To investigate this issue, we assessed whether unilateral inactivation of the hippocampus during post-LTP early REM sleep disrupts zif-268 reinduction in proximal extrahippocampal regions. Rats (n ϭ 4) were subjected to bilateral HFS to induce comparable LTP in both hemispheres (average population spike change of 582.3 Ϯ 70.9% and 422.2 Ϯ 167.1% for left and right hemispheres, respectively; mean Ϯ SEM). The animals were kept awake for a minimum of 2 hr and then allowed to sleep (Fig. 5a) . Shortly after the onset of REM sleep (duration of 2.4 Ϯ 0.7 min; mean Ϯ SEM), left hippocampi were inactivated with tetracaine, whereas right hippocampi received saline. Animals were killed 30 min after REM sleep offset, and their brains were processed for zif-268 expression. Unstimulated controls (n ϭ 4) similarly injected during WK were also analyzed (Fig. 5a) .
Tetracaine administration strongly reduced the EEG power in hemispheres ipsilateral to the anesthetic injection (Fig. 5b ). An immediate and robust reduction of evoked potentials was also observed in the tetracaine-infused (left) DG (Fig. 5c ) (population spike amplitude decreased by 73.1 Ϯ 11.6%; mean Ϯ SEM), whereas minor effects were observed in the vehicle-infused (right) DG (population spike amplitude decreased by 3.6 Ϯ 2.6%; mean Ϯ SEM). Tetracaine effects lasted for ϳ30 min, keeping the hippocampus silenced during the entire REM sleep episode and most of the ensuing WK. These results confirm the effectiveness of the tetracaine treatment to locally inactivate the hippocampus during a restricted time window (Poe et al., 2000b) , with very interesting effects on zif-268 expression. Although the salineinjected (right) hemispheres showed the expected REM-related high expression of zif-268 in the cerebral cortex (EC and Au) and amygdala (LaD) (Fig. 5d , compare saline-injected hemisphere with HFS hemisphere in REM/early group, Fig. 3b ), the increase in zif-268 expression was blocked in those same regions in the tetracaine-injected (left) hemispheres (Fig. 5d ). This effect becomes very clear when expressed as the interhemispheric zif-268 expression ratio, indicating significantly lower zif-268 expression in tetracaine-injected than in saline-injected hemispheres (ratio values are significantly Ͻ1 for the EC, Au, and LaD in Fig. 5e ) (one-way ANOVA; F (6,21) ϭ 13.72; p Ͻ 0.0001; followed by Bonferroni post hoc tests). No effect on zif-268 expression in these same areas was seen when comparable hippocampal tetracaine injections were applied during WK (Fig. 5f,g ) (one-way ANOVA; F (6,21) ϭ 1.78; p ϭ 0.15). Thus, extrahippocampal zif-268 expression during WK is primarily independent of hippocampal activity, presumably because of the intense thalamocortical processing Figure 2b . c, Tetracaine effects on evoked potentials. A representative experiment is shown; notice that potentials almost recovered to previous potentiated levels right before kill, at 14:15. d, Zif-268 brain expression levels during early REM sleep, after bilateral HFS and unilateral tetracaine infusion. Shown is a phosphorimager autoradiogram of a representative brain section hybridized for zif-268. There was a marked reduction of zif-268 expression in the left EC, Au, and LaD (tetracaine side) compared with the right hemisphere (saline side). Arrowheads, Auditory cortex (see Fig. 3c for anatomical localization) . e, Zif-268 expression interhemispheric ratios (tetracaine/saline) in bilateral HFS and early REM animals (*p Ͻ 0.05 and **p Ͻ 0.01). f, Zif-268 brain expression levels during WK, after unilateral tetracaine infusion. Zif-268 expression levels were comparable between hemispheres. Arrowheads, Auditory cortex. g, Zif-268 expression interhemispheric ratios (tetracaine/saline) in WK control animals.
that characterizes WK. This also indicates that the ipsilateral blockade of zif-268 reinduction during REM sleep in the cortex and amygdala of tetracaine-injected animals cannot be explained by diffusion of tetracaine from the injection site. Therefore, extrahippocampal zif-268 reinduction during early REM sleep requires an active hippocampus.
DISCUSSION

Experience-dependent zif-268 reinduction during REM sleep
We have shown for the first time that: (1) zif-268 is reinduced during REM sleep in extrahippocampal regions after the induction of hippocampal LTP during WK; (2) zif-268 reinduction occurs predominantly in the amygdala, entorhinal, and auditory cortices during the first REM sleep episodes after LTP induction and reaches somatosensory and motor cortices as REM sleep recurs; and (3) extrahippocampal zif-268 reinduction during REM sleep requires concurrent hippocampal activity. These results extend our previous report that zif-268 is upregulated during REM sleep in the brains of animals exposed previously to a novel enriched environment but not in unstimulated controls (Ribeiro et al., 1999) . The LTP-inducing HFS protocol provided a spatially more discrete and standardized stimulation paradigm, inducing gene expression in a more specific anatomical pathway downstream of the stimulation site, compared with the widespread brain activity associated with the enriched environment paradigm. The stimulation was also more discrete temporally, allowing a better dissection of the kinetics of gene regulation.
Our results are seemingly at odds with several studies showing that sleep downregulates the expression of immediate-early genes (IEG) (Pompeiano et al., 1992 (Pompeiano et al., , 1994 O'Hara et al., 1993; Basheer et al., 1997; Cirelli and Tononi, 1998) . Two factors might explain this discrepancy. First, these studies did not attempt to separate the specific contributions of SWS and REM sleep to IEG expression. We have found that indeed a marked decrease in zif-268 expression occurs during SWS, regardless of the preceding WK experience. Therefore, the postsleep zif-268 downregulation reported previously (O'Hara et al., 1993; Pompeiano et al., 1994; Cirelli and Tononi, 1998) likely reflects the natural predominance of SWS over REM sleep in spontaneous sleep episodes (TimoIaria et al., 1970; Hobson, 1995) . Second and perhaps more importantly, those studies did not examine the effect of exposing animals to relevant W K experience a few hours before the sleep episodes investigated. Thus, their results likely correspond to the zif-268 downregulation that we find in association with SWS and REM sleep in unstimulated control groups (Figs. 3b, 4a) .
Another important point regards the mechanisms underlying experience-dependent zif-268 upregulation during REM sleep. Cirelli et al. (1996) have shown that IEG expression in the brain is dependent on the integrity of the noradrenergic nucleus locus ceruleus, leading the authors to propose that a general decrease in neuronal excitability attributable to the silencing of the locus ceruleus during sleep (Aston- Jones and Bloom, 1981) causes a sleep-related decrease in IEG expression. This rationale accounts well for the SWS/REM sleep downregulation of zif-268 observed in unstimulated animals but not for the gene upregulation seen during REM sleep in exposed animals. At least three hypotheses can be formulated to reconcile the lack of locus ceruleus activity during REM sleep with concurrent zif-268 upregulation. The most parsimonious regards cholinergic transmission, which is very robust during REM sleep (Hobson, 1992; Williams et al., 1994) and could in principle compensate for the lack of noradrenaline, setting in motion molecular cascades that would result in the upregulation of zif-268 (Greenberg et al., 1986; Shiromani et al., 1992) . Another possibility is that the locus ceruleus actually releases noradrenaline during REM sleep that follows relevant WK experience, either via subthreshold activity or through experience-dependent neuronal firing. Although less likely than the previous one, this specific hypothesis has yet to be tested. Finally, it is possible that zif-268 reinduction during REM sleep is triggered in an experience-dependent manner during the transition between REM sleep and subsequent WK, a brief moment in which REM-associated neuronal activity and noradrenaline release might coexist in space and time.
Hippocampal interactions with the cerebral cortex and amygdala during REM sleep
Considering the known neuroanatomical circuitry downstream of the DG (Lopes da Silva et al., 1990; Paxinos, 1995) , our results reveal a sequence of three spatiotemporally distinct waves of zif-268 upregulation after the induction of LTP (Fig. 6) . The first begins locally at the stimulation site (DG) ϳ30 min after the application of HFS, reaches proximal brain areas relative to the stimulation site (CA, Au, and LaD) after 3 hr of sustained wakefulness (early WK), and is terminated during early SWS. A second wave begins during early REM sleep predominantly in brain regions proximal to the stimulus site (EC, Au, and LaD), propagates to distal brain regions (S1 and M1) during late WK, and is terminated during late SWS. Finally, a third wave of zif-268 upregulation begins during late REM sleep in all proximal (EC, Au, and LaD) and distal (S1 and M1) extrahippocampal regions studied. Although later time points were not investigated, our data suggest that this third wave extends through WK that follows late REM sleep, being terminated during ensuing SWS. Notice that hippocampal regions (DG and CA) show a gradual decrease in zif-268 expression from the first to the second and third waves. Conversely, the most distal extrahippocampal region studied (M1), several synapses away from the site of HFS application, shows an opposite gene expression profile: a gradual increase in zif-268 expression from the first to the second and third waves. These results indicate that hippocampal LTP induction during WK leads to a series of zif-268 upregulation waves that propagate from the hippocampus to cortical areas during the course of WK and REM sleep but that are terminated during SWS.
To the extent that zif-268 expression reflects synaptic activation occurring during a restricted time window before kill, we provide evidence that a significant increase in synaptic activity occurs in several extrahippocampal brain areas during REM sleep that follows induction of hippocampal LTP. Furthermore, extrahippocampal activation during REM sleep is dependent on concurrent hippocampal activity, suggesting the existence of a hippocampofugal process of cortical and amygdalar activation during REM sleep. Although additional experimentation is required to determine whether distal zif-268 upregulation during late REM sleep depends on proximal gene upregulation during early REM sleep, the spatiotemporal pattern of zif-268 expression and the effects of hippocampal inactivation on proximal extrahippocampal zif-268 expression suggest that brain reactivation during REM sleep occurs sequentially, initially in brain regions proximal to the hippocampus and later reaching more distal sites.
Independent lines of evidence show that although several kinds of memory initially depend on the hippocampus, such memories gradually become hippocampus-independent and correspondingly more reliant on the cerebral cortex for long-term storage (Scoville and Milner, 1957; Mishkin, 1978; Kesner and Novak, 1982; Squire, 1992; Izquierdo and Medina, 1997; Bontempi et al., 1999) . Based on our findings, we suggest that REM sleep may constitute a privileged window for hippocampus-driven cortical activation, free from waking interference, and, in principle, capable of playing an instructive role in the communication of memory traces from the hippocampus to the cortex. The fact that zif-268 reinduction is anatomically more extensive in late than in early REM sleep is especially interesting considering that late but not early post-training REM episodes are crucial for learning (Smith and Rose, 1996; Stickgold et al., 2000b) . It is also noteworthy that the LaD shows significantly high levels of zif-268 expression during late WK and REM. This observation adds to the evidence that the amygdala plays a sustained role in information processing after the initial phase of LTP or behavioral learning (Ben-Ari and Le Gal la Salle, 1972; Izquierdo and Medina, 1997; Rogan et al., 1997; McGaugh, 2000) .
Although the exact relationship between brain activation and ensuing activity-dependent gene expression is still a matter of some debate, it is important to note that zif-268 encodes a transcriptional regulator (Milbrandt, 1987; Sukhatme et al., 1988 ) that controls the expression of several target genes, some of which are involved in various aspects of neuronal function and plasticity. For example, zif-268 regulates the expression of synapsins (Thiel et al., 1994; Petersohn et al., 1995) , the most abundant proteins of synapses, with a key function in neurotransmission (De Camilli, 1995) . By coupling neuronal activation to the upregulation of cell components such as synapsins, zif-268 may play an important role in the regulation of activity-dependent synaptic plasticity. This notion is supported by the fact that zif-268 expression is increased in brain regions that undergo dendritic changes after exposure to an enriched environment (Wallace et al., 1995) and in association with novelty/learning behavioral paradigms (Mello et al., 1992; Nikolaev et al., 1992; Jarvis et al., 1995) and hippocampal LTP induction (Cole et al., 1989; Wisden et al., 1990) . Most compellingly, zif-268 expression has been shown to be necessary for the long-term maintenance of hippocampal LTP and different types of spatial and nonspatial memories (Jones et al., 2001) . Because the consolidation of memories most likely requires modification, addition, and/or extinction of synapses (Bliss and Collingridge, 1993) , it is plausible that experience-dependent brain reactivation during REM sleep (Pavlides and Winson, 1989; Maquet et al., 2000; Poe et al., 2000a; Louie and Wilson, 2001) contributes to the formation of long-lasting memories through the upregulation of activity-dependent genes associated with synaptic plasticity. More specifically, hippocampofugal zif-268 upregulation during REM sleep may reflect the propagation of calcium-dependent postsynaptic changes from the hippocampus to cortical and amygdalar networks, seemingly a crucial step for the consolidation of long-term memories (Frankland et al., 2001 ).
